Red electrophosphorescent organic light-emitting devices using red phosphorescent dopant, and tris-(8-hydroxyquinoline)-aluminum (Alq 3 ) and 2,9-dimethyl-4,7 diphenyl-1,10-phenanthroline (BCP) electron injecting have been fabricated. A device with Alq3 as electron transport layer shows high turn-on voltage (@ 1 cd/m 2 ) of 6.25 V, but a device with BCP does lower turn-on voltage of 5.0 V. Alq 3 and BCP have silimar lowest unoccupied molucular obital, 3.0 eV and 2.9 eV, which are the higher values than work function of Ba (2.7 eV). So, Ba cathode does not form energy barrier to inject electron to organic layer from simple energy band of view. However, these devices represent different injection properties, therefore we analyze the interface between organic layer and cathode. X-ray photoelectron spectroscopy depth profiling measurements reveal the strong chemical reaction and bonding of Ba with the C and O present in the Alq 3 molecules. Results show that the performance of the electrophosphorescent devices is mainly governed by the structure and the chemical reaction at the interface between Ba metal and electron-injecting material.
Introduction
Organic light emitting diodes (OLEDs) have been intensively investigated since Tang and VanSlyke in 1987, driven by their applications in flat panel display and solid state lighting. 1) To improve OLED, the nature of organic material/ cathode interface is extremely imperative in determining overall efficiency and lifetime of OLEDs to govern charge injection. [2] [3] [4] [5] [6] [7] To lower this electron injection barrier, many researcher have been studied various structures and materials such as using low work function metal (Ba, Ca, Sm, Yb, K, Na and Cs), Li containing cathode (Li, LiF, LiO 2 , and Li:Al) and alkali-halide (LiF and CsF). Since the organic/cathode interface plays a crucial role in understanding of device operation, the knowledge of structure and morphology of the interface is one of the key issues for high electroluminance.
Chemical reactions between the organic layer and the metal leading to the formation of an interfacial layer with properties different than the bulk materials, oxidation of low work function metal cathode, etc. significantly modify the energetic at the injecting contact. Dipole formation, 8, 9) chemical reaction, 6, 10, 11) energy levels alignment, 12) at the organic material/metal interfaces have been reported.
In this paper, we study the influence of Ba and different electron injection organic materials (Alq 3 and BCP) on the characteristics of OLEDs. Ba is low work function material, 2.7 eV, so it is expected to reduce energy barrier with organic layer. However Ba is very sensitive material to oxygen, so it could induce to react with organic materials. Therefore the reaction of the organic material/cathode interface was analyzed using X-ray photoelectron spectroscopy (XPS).
Experimental Procedures
Commercially obtained ITO coated glass was used in the fabrication of devices. The anode, ITO was patterned by photolithography and wet etching processes. Glass substrates with ITO (5 cm Â 5 cm) were thoroughly cleaned with detergent and alkali cleaner in ultrasonic bath before the deposition of organic and metal layers. The organic and metal cathode layers were deposited sequentially by thermal evaporation in vacuum ($1:3 Â 10 À5 Pa) with a deposition rate of 0.1 nm/s. We fabricated following red phosphorescent OLEDs ( Fig. 1 
, bis(2-methyl-8-quinolinato) 4-phenylphenolate (BAlq), red dopant of the kind of Iridium complex (GDI 492), Alq 3 (tris-(8-hydroxyquinoline)-aluminum) and 2,9-dimethyl-4,7 diphenyl-1,10-phenanthroline (BCP) were used as hole injection layer (HIL), a hole transport layer (HTL), a host for the emission material layer (EML), a dopant for the EML, and electron transport layer (ETL), respectively. Thick layer of Ag (150 nm) was used as protective layer for Ba (10 nm) which also provides lateral conductance. Fabricated device was encapsulated with a glass cap and UV sealant in a glove-box in the nitrogen atmosphere. All the devices have the emitting area of 0:4 Â 0:6 cm 2 .
A Spectroradiometer (Minolta CS1000) was employed for measurements of the electroluminance (EL) spectrum and brightness. Current-Voltage (I-V) characteristics were measured with an experimental set-up consisting of a Keithley 2400 source meter with calibrated photodiode. X-ray photoelectron spectroscopy (XPS, Perkin-Elmer PHI 5800 ESCA) was employed to analyze the metal/organic interface. 2 shows at 10.0 V in the device 1 but in device 2, it is measured 8.9 V. Device 2 shows the better properties, low driving voltage to obtain same current density and high efficiency. I-V curve of device 2 is shifted toward low voltage about 1 V than device 1. So, device 2 with BCP/Ba interface exhibits a lower resistance to current flow through the device compared to Device 1 with Alq 3 /Ba interface. However, two devices displayed similar spectra. Its peak shows 627 nm and 630 nm at device 1 and 2 at 9 V, respectively. The peak efficiency in device 1 is 5.9 cd/A at 10.0 V and that in device 2 of 6.08 cd/A at 8.7 V. Device 2 shows higher efficiency and less roll-off property than device (Fig. 2(b) ).
Results and Discussion
In OLEDs, Alq 3 is widely used as a good green emitter and an efficient electron transporter but it shows poor hole blocking properties due to shallow highest occupied molecular orbital (HOMO) level, 5.7 eV. While BCP is a well known hole blocking material due to deep HOMO level, 6.4 eV. The deep HOMO energy level of BAlq effectively blocks the exciton and hole leakage from the emissive layer, so it favorably used to improve the performance of phosphorescent devices and also serves as an electron transport material. Therefore, as shown in Fig. 2 , the difference of efficiency is induced by hole blocking properties of Alq 3 and BCP. However, it is not enough to explain the each other operation voltage. As the work function of Ba (2.7 eV) is lower than the Lowest Unoccupied Molecular Orbital (LUMO) level of adjacent organic layer, BCP (2.9 eV) and Alq 3 (3.0 eV) as shown Fig. 1(b) , the barrier to electron injection into BCP or Alq 3 organic layers is an insignificant issue and similar performance is expected in both devices. On the contrary, different results are reported in these devices and simple rigid band model with the electron injection barrier height deduced from the energy levels is insufficient to explain electrical properties of described organic devices. Therefore, XPS depth profiling measurements were employed to study the organic material/metal interfaces in Ba/ BCP/glass, Ba/Alq 3 /glass structures. To prevent oxidation of Ba during sample preparation, we deposited the silver layer, 100 nm on Ba layer. The XPS analyses were performed using the PHI 5800 ESCA system with a focused monochromatized Al-K radiation (1486.6 eV) (Anode 250 W, 10 kV, 27 mA). The spot size was 400 mm Â 400 mm and the background pressure inside the analysis chamber was 2 Â 10 À10 torr. The calibration of the binding energy scale was performed with the C 1s line (284.6 eV). Here, sputtering time is not relative with thickness of each layer. Pure Ba metal has two binding energy (BE) peak, 796.0 eV of 3d 3=2 and 780.6 eV of 3d 5=2 . But, BaO and BaCO 3 by chemical reaction show other BE, 779.5 eV and 780.0 eV, respectively. 13) In Alq 3 /Ba structure, the BE of Ba is located at 780.6 eV at the initial stage (@ 0.6 min). But after sputtering, 2.6 min, BE has two peaks, 780.0 eV and 779.5 eV and shoulder 780.6 eV. Also, carbon shows broad peaks and its BE is shifted from 283.5 eV to 284.5 eV as sputtering. Although it is not shown the BE of Ba at 19.5 min because it is not detected any peak, it seems that the BE of C 1s of Alq3 is about 284.5 eV, and this peak is maintained after this time. However in the early state, the BE of C is detected at 283.5 eV, so bonding of Alq3 is varied. These results demonstrate strong chemical reaction at the Alq 3 /Ba interface that is decomposition of Alq 3 and formation of Ba oxide.
On the other hand, insignificant changes in XPS depth profiling results in Ba/Ag deposited on BCP layers are noticed (Fig. 3(c), (d) ). In case of carbon, although the BE of carbon shows broad, its peak position is maintained at 284.7 eV. Therefore it seems that decomposition of BCP does not happen. Especially as shown Fig. 1(b) , BCP (C 26 H 20 N 2 ) does not have oxygen, so it is impossible for Ba to happen the oxidation by BCP. However, as the decomposition of Alq3, oxygens in Alq3 react with high sensitivity metal, Ba, and then it makes unwanted compound, BaO and/or BaCO 3 as the reaction with oxygen in quinolate ligands. These insulated compound and destructed molecule disturb the electron injection as increasing the resistance and charge built up at the interface. Therefore, different electrical characteristics in the device 1 can be attributed to mainly the chemical reaction of Ba with the Alq 3 molecules than slightly deeper electron trap in the Alq 3 (LUMO = 3.0 eV) than BCP (LUMO = 2.9 eV).
Because we don't have UPS study about these samples, it is difficult to clarify the influence according to the energy alignment and the charge injection at the interface due to dipole and/or the charge build up. 14) Especially Ba has lower work function than the LUMO of Alq 3 and BCP, so it is expected to show the different result the interaction with high work function metal. A more detailed study included UPS analysis will be reported elsewhere to reveal energy alignment by charge accumulation as organic materials. However, from these XPS results, at the interface, Ba/Alq 3 , Alq 3 is decomposited and then from this oxygen, Ba is oxidized. And, it causes to change the electron injection properties of devices.
Conclusion
In summary, we have fabricated and characterized electrophosphorescent OLEDs with Ba cathode and different electron injecting materials (Alq 3 and BCP). Contrary to the band theory, two device show different I-V-L characteristic curve. Device 1 shows higher turn-on voltage of 6.25 V and operation voltage of 10.0 V at 1000 cd/m 2 compared to values of 5.0 V and 8.9 V in device 2. It is attributed to the chemical reactions that are the destruction of Alq 3 and the formation of insulating compound, BaO and BaCO 3 by oxygen from Alq 3 . From XPS study, organic material without oxygen, BCP does not form the compounds, so it maintains the state to be easy to inject electron. In the tested interface with metal having lower work function than LUMO of organic, electron injection properties are governed by the chemical reaction at the ETL/Ba interface.
